The aim of a photovoltaic (PV) system's control is the extraction of the maximum power even if the irradiance, the temperature, or the parameters vary. To do that, a maximum power point tracking (MPPT) algorithm is required. In this work, a sliding control is designed to regulate the PV modules' output voltage and make the panel work at the maximum power voltage. This control is selected to improve the robustness, the transient dynamic response, and the time response of the system under changeable environmental conditions, adjusting the duty cycle of the DC/DC converter. The DC/DC converter connected to the PV module output is a buck-boost converter. This configuration presents the advantage of providing voltages lower or higher than supplied by the photovoltaic modules to provide the required voltage to the load (including the voltages ceded by telecommunication loads, amongst others). In addition, a remote sliding control is developed to make the global supervision of the PV system in distributed generation grids. The designed algorithm is tested in an experimental platform, both locally and remotely connected to the base station, to prove the effectiveness of the sliding control. Thus, the communication effect in the control is also analyzed.
Introduction
The main objective of a photovoltaic (PV) system's control is power maximization. The voltage corresponding to the maximum power point (maximum power point voltage, MPPV) of each photovoltaic module (or set of modules) depends on the weather conditions. Thus, maximum power point tracking (MPPT) is needed. In plants located in places where there are fast changing environmental conditions, the tracking becomes critical [1] , as well as in mobile plants, such as those associated to electrical vehicles, boats, or airplanes.
MPPT is an algorithm usually implemented in a power converter connected to the modules, which matches their optimal operating point with the load operation, [2] [3] [4] [5] [6] . It must be considered that load operation conditions can require lower or higher voltages than MPPV. In fact, telecommunications applications are quite suitable to be supplied by PV plants because telecom apparatus power consumption is approximately constant. Their nominal voltages work from 36 to 75 V, [7] . The majority of PV modules provide the output voltage within the range of 36 to 75 V. Thus, considering the available DC/DC converter topologies, [8] , a buck-boost converter would be suitable as the adaptation device, [8] .
In fact, this last configuration can supply voltages in the required range to the telecom equipment or even lower or higher voltages if it is necessary. The analysis and design of the buck-boost converters can be seen in [9, 10] .
Thus, the MPPT calculates the MPPV and the converter duty cycle (D) to make the modules work at the MPPV. Some algorithms in the technical literature achieves the objective with a control loop Therefore, this paper is organized according to the next sections: In Section 2, the photovoltaic system used to test the algorithms is presented with the results of its simulation in Matlab/Simulink. In addition, the complete experimental system, locally or remotely connected, is presented. In Section 3, the proposed sliding control is described in a theoretical way. In Section 4, a use case is presented with the control implemented locally and in a remote way. Finally, in Section 5, some conclusions are drawn.
Photovoltaic System
The structure of the PV system is shown in Figure 1 . It presents a PV system supplying a DC load through a DC/DC converter. The DC/DC converter is required to disengage the modules output voltage and the load input. Thus, a MPPT can be implemented as the DC/DC converter's control. In this way, the PV array is connected to the input of the DC/DC converter and the DC load is connected to the DC/DC converter's output. This configuration allows the converter voltage input to set at the required value to achieve the maximum power of the PV system. To do that, sensors are required to measure the voltages and currents at the DC/DC converter's input and output. In this paper, a commercial PV module was chosen to be part of the experimental platform. Its features under standard conditions, 1000 W/m 2 and 25 °C, are detailed in Table 1 . Amongst the others, the maximum power of this photovoltaic module is 20 W. In addition, the module was previously simulated in Matlab-Simulink to obtain the characteristics curves, current -voltage (I-V) and power-voltage (P-V). Those curves are presented in Figure 2 with different irradiation conditions (simulation and experimental results). The model used in the simulation was presented by the authors in [31] . In this paper, a commercial PV module was chosen to be part of the experimental platform. Its features under standard conditions, 1000 W/m 2 and 25 • C, are detailed in Table 1 . Amongst the others, the maximum power of this photovoltaic module is 20 W. In addition, the module was previously simulated in Matlab-Simulink to obtain the characteristics curves, current-voltage (I-V) and power-voltage (P-V). Those curves are presented in Figure 2 with different irradiation conditions (simulation and experimental results). The model used in the simulation was presented by the authors in [31] . With respect to the DC/DC converter, a buck-boost topology was designed to convert the voltage from one level to another lower or higher depending on the load requirements. Figure 3 represents the equivalent circuit of a buck-boost converter. As can be seen in the figure, the components of the buck-boost converter are two capacitors, an inductor, a transistor (in this case a MOSFET), T1, and a diode, D2. The use of the diode and the transistor implies the load works as a non-linear. In Figure 3 , vPV is the PV output voltage or the buck-boost converter's input voltage in V, iPV is the PV modules' output current, iL is the inductor current, and vO is the DC/DC converter's output voltage, whereas R is a resistor, L an inductor, and C1 and C are capacitors. They are constant parameters. Regarding the control, the ON/OFF commutation of the switch allows the storage elements' charge and discharge energy to get the output voltage lower or higher than the input while it transfers the energy from the PV modules to the load. The converter duty cycle is D = tON/tC, being tON the time ON (u = 1) and tC the switching period within the range 0-1. The output:input ratio can be determined as follows in Equation (1).
The state equations of the DC/DC open-loop buck-boost converter are presented in Equations (2)-(4). With respect to the DC/DC converter, a buck-boost topology was designed to convert the voltage from one level to another lower or higher depending on the load requirements. Figure 3 represents the equivalent circuit of a buck-boost converter. As can be seen in the figure, the components of the buck-boost converter are two capacitors, an inductor, a transistor (in this case a MOSFET), T1, and a diode, D2. The use of the diode and the transistor implies the load works as a non-linear. In Figure 3 , v PV is the PV output voltage or the buck-boost converter's input voltage in V, i PV is the PV modules' output current, i L is the inductor current, and v O is the DC/DC converter's output voltage, whereas R is a resistor, L an inductor, and C1 and C are capacitors. They are constant parameters. With respect to the DC/DC converter, a buck-boost topology was designed to convert the voltage from one level to another lower or higher depending on the load requirements. Figure 3 represents the equivalent circuit of a buck-boost converter. As can be seen in the figure, the components of the buck-boost converter are two capacitors, an inductor, a transistor (in this case a MOSFET), T1, and a diode, D2. The use of the diode and the transistor implies the load works as a non-linear. In Figure 3 , vPV is the PV output voltage or the buck-boost converter's input voltage in V, iPV is the PV modules' output current, iL is the inductor current, and vO is the DC/DC converter's output voltage, whereas R is a resistor, L an inductor, and C1 and C are capacitors. They are constant parameters. Regarding the control, the ON/OFF commutation of the switch allows the storage elements' charge and discharge energy to get the output voltage lower or higher than the input while it transfers the energy from the PV modules to the load. The converter duty cycle is D = tON/tC, being tON the time ON (u = 1) and tC the switching period within the range 0-1. The output:input ratio can be determined as follows in Equation (1).
The state equations of the DC/DC open-loop buck-boost converter are presented in Equations (2)-(4). Regarding the control, the ON/OFF commutation of the switch allows the storage elements' charge and discharge energy to get the output voltage lower or higher than the input while it transfers the energy from the PV modules to the load. The converter duty cycle is D = t ON /t C , being t ON the time ON (u = 1) and t C the switching period within the range 0-1. The output:input ratio can be determined as follows in Equation (1) .
The state equations of the DC/DC open-loop buck-boost converter are presented in Equations (2)-(4). 
The target of our control was to adjust the duty cycle to achieve the optimal voltage and to ensure the maximum energy extraction of the PV modules. A pulse width modulation (PWM) technique was used to control the transistor commutation. The output voltage presents the polarity opposite the input voltage. Figure 4 shows the voltages at the input and at the output of the buck-boost converter with different D targets. (2)
The target of our control was to adjust the duty cycle to achieve the optimal voltage and to ensure the maximum energy extraction of the PV modules. A pulse width modulation (PWM) technique was used to control the transistor commutation. The output voltage presents the polarity opposite the input voltage. Figure 4 shows the voltages at the input and at the output of the buck-boost converter with different D targets. The experimental platform contains three photovoltaic modules. The modules feed a built buckboost converter (as the presented above) working with an input voltage of 10 V as minimum and 70 V as maximum. The maximum output voltage is 100 V. The maximum power that can be transferred is 70 W. The load is a 220 Ω resistor.
A personal computer (PC) is responsible for collecting the measurements and performing the control. LEM sensors are used to make the needed measurements. In this sense, the DC/DC converter includes three LA25NP current sensors to measure the input current, the output current, and the inductor current. Two LV25P voltage sensors measure the DC/DC converter's input and output voltage. A 12-bit digital analog converter, with a microcontroller 30F4011, manages all the sensors. The data obtained from the experiments is saved in the PC by means of a supervisory control and data acquisition (SCADA) system, which allows the figures to be presented using Matlab. The SCADA was designed in Visual Basic to visualize the data in real time and to implement the sliding controller remotely from a base station. The platform is depicted in Figure 5 . Measurements are obtained through an EM203 serial-to-Ethernet module. The experimental platform contains three photovoltaic modules. The modules feed a built buck-boost converter (as the presented above) working with an input voltage of 10 V as minimum and 70 V as maximum. The maximum output voltage is 100 V. The maximum power that can be transferred is 70 W. The load is a 220 Ω resistor.
A personal computer (PC) is responsible for collecting the measurements and performing the control. LEM sensors are used to make the needed measurements. In this sense, the DC/DC converter includes three LA25NP current sensors to measure the input current, the output current, and the inductor current. Two LV25P voltage sensors measure the DC/DC converter's input and output voltage. A 12-bit digital analog converter, with a microcontroller 30F4011, manages all the sensors. The data obtained from the experiments is saved in the PC by means of a supervisory control and data acquisition (SCADA) system, which allows the figures to be presented using Matlab. The SCADA was designed in Visual Basic to visualize the data in real time and to implement the sliding controller remotely from a base station. The platform is depicted in Figure 5 . Measurements are obtained through an EM203 serial-to-Ethernet module.
As a different possibility, a router with a wireless interconnection is included into the platform, to send the data via Wi-Fi. To do that, the base station running the application is required, with a Wi-Fi communication system using the user datagram protocol (UDP). Figure 6 presents the scheme of the interconnected system. The PC is connected to the router that allows the Wi-Fi communication and the As a different possibility, a router with a wireless interconnection is included into the platform, to send the data via Wi-Fi. To do that, the base station running the application is required, with a Wi-Fi communication system using the user datagram protocol (UDP). Figure 6 presents the scheme of the interconnected system. The PC is connected to the router that allows the Wi-Fi communication and the DC/DC converter is connected through the Ethernet interface RS232 to the router. The communication between DC/DC converter-PC are by Wi-Fi with a latency of 5 ms, Figure 7 . As a different possibility, a router with a wireless interconnection is included into the platform, to send the data via Wi-Fi. To do that, the base station running the application is required, with a Wi-Fi communication system using the user datagram protocol (UDP). Figure 6 presents the scheme of the interconnected system. The PC is connected to the router that allows the Wi-Fi communication and the DC/DC converter is connected through the Ethernet interface RS232 to the router. The communication between DC/DC converter-PC are by Wi-Fi with a latency of 5 ms, Figure 7 . Figure 7 shows the round-trip latency in the wireless network. The round-trip latency statistical value is 5 ms with a typical deviation of 1 ms.
Sliding Control
Several algorithms have been used up to now by the authors to control the DC/DC converter as Figure 7 shows the round-trip latency in the wireless network. The round-trip latency statistical value is 5 ms with a typical deviation of 1 ms.
Several algorithms have been used up to now by the authors to control the DC/DC converter as a MPPT. The results of the back-stepping algorithm are presented in [29, 30] . In both cases, results show that the controllers ensure maximum power transfer with changing irradiation conditions.
To improve the controller dynamic behavior, this work presents a non-linear sliding control method which is a variable structure controller. The sliding control will be applied to the buck-boost converter of a photovoltaic system because it is a variable structure system with a discontinuous control action, which modifies its structure to reach a set of switching surfaces. In addition, the buck-boost converter has a non-minimum phase structure. Then, the voltage must be controlled through the current.
The sliding control allows the buck-boost converter to work in a wide operating range obtaining a high dynamical performance. It uses a high speed switching law to make the system go to a predetermined sliding surface (or switching function). The switching law also makes the system remains in the surface. The dynamic behavior is given by the designed parameters and equations that define the switching surface. Thus, the sliding control is robust under disturbances and parameter variations.
To apply the sliding control, the buck-boost equations are defined using the state averaging method and the parameter D when it works in continuous conduction mode (CCM).
.
Then, the system equation is presented in (9) .
, v r PV being the reference voltage to be reached.
These equations are rewritten in a matrix form as shown in Equation (10).
The matrices are shown in Equations (11)- (14) .
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A sliding surface with the dynamic suitable to this application is proposed in (15) . Thus, the trajectories around the surface should converge to it and, then, the trajectories must stay on the sliding surface. In addition, the switching function ensures regulation of the buck-boost converter voltage.
where k 1 and k 2 are the sliding design parameters. The sliding surface exists if S(x) = dS/dt = 0. Now, a control law to reach the sliding surface and stay thereafter must be found. It must also guarantee the existence of the sliding mode. The control input has two components called corrective control, D c , and equivalent control, D eq . Then, the control signal is presented in Equation (16).
The corrective control compensates the deviations from the sliding surface to reach the mentioned surface as shown in (17) . It is a typical choice for this controller.
where k c is chosen to be positive. The sign of the sliding surface is defined as shown in Equation (18) .
The equivalent control makes null the time derivative of the sliding surface to remain on the sliding surface. The equation that defines this control is presented in (19) .
Using Equations (9) and (15)- (17), the equivalent control can be expressed as shown in Equation (20) .
It must fulfill Equations (21)- (23) .
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The buck-boost converter is working in CCM. Thus, the inductor current is always positive, x 2 . Nevertheless, the output voltage is always negative, x 3 . It is guaranteed if k 1 and k 2 are positive. S = 0 is globally asymptotically stable. Thus, using Equations (16), (17) , and (19) , the control law is achieved. Its expression is presented in Equation (24).
Now, a Lyapunov function, (25) , is used to make the sliding mode control force the system to go to the sliding surface and remain on it.
To guarantee the stability of the system, the control D has to be selected to make the time derivative of the Lyapunov function negative. Thus, the switching function will be attractive. Thus, the time derivative of the Lyapunov function is presented in Equation (26).
Now, the time derivative of the sliding surface must be calculated, using Equation (27).
The time derivative of the Lyapunov function yields Equation (28).
The term between square brackets is worked out, obtaining the expression shown in (29) .
The first term is considered to be zero. Then the time derivative of the Lyapunov function is presented in Equation (30) .
The last term is negative. Then:
These two equations close the sliding control.
Practical Cases
Experimental tests were carried out to validate the previous theoretical analysis of the sliding controller under different conditions. The experimental results were obtained with different scopes, both working in the experimental platform described in Section 2. In the first test, the physical system was wire connected to the PC and the second test was carried out with Wi-Fi communications, using a synthetic local wireless network.
Experimental Results with the Controller Connected to the PC by a Wire
The sliding control developed in this paper was implemented in a dsPIC30F4011 low-cost microcontroller, being supervised via a local internet connection. The sliding control has to regulate the DC/DC converter's input voltage to reach the MPP through the MOSFET switching controlling the duty cycle. The PWM frequency is 20 kHz whereas the sampling time of the control is 5 ms.
Experiments under different conditions were conducted to verify the sliding control performance. In this sense, there are different step signals that represent changes in the incident irradiance over the PV modules.
Step signals were used to test the control, although the real irradiation changes are smooth due to the progressive appearance of the clouds. Thus, we tested the control in even worse conditions to verify the robustness. The system was tested with different irradiances, 670 W/m 2 until 33 s, 490 W/m 2 until 68 s, and 690 W/m 2 until 95 s, to finish with an irradiance of 330 W/m 2 . Figure 8 depicts the voltage and current transient response when there are step irradiance changes. Figure 8a shows the reference voltage to be achieved by the control at the PV modules' output or DC/DC converter's input, even when there are changes in the irradiance. The buck-boost converter's measured input voltage is shown in the figure, reaching the reference voltage values in all the cases. The DC/DC converter's output voltage is also presented in this figure. As expected, the converter's input voltage changes with the irradiance; both increase and decrease together. The inductor's current and the converter's input and output currents are depicted in Figure 8b . These currents also change when the irradiance changes. As in the previous figure, the currents are higher when the irradiance achieves higher values and decrease when the irradiance is lower. Figure 9 presents the output and input power of the DC/DC converter with the same changes in the irradiance as the voltages and current. This figure also defines the converter efficiency. The buckboost converter efficiency ranges from 95% to 98.1% in this case. The voltages and the currents and; therefore, the power are robust, obtaining the expected values even when the irradiance changes suddenly, proving the robustness of the sliding control under external perturbation signals. The inductor's current and the converter's input and output currents are depicted in Figure 8b . These currents also change when the irradiance changes. As in the previous figure, the currents are higher when the irradiance achieves higher values and decrease when the irradiance is lower. Figure 9 presents the output and input power of the DC/DC converter with the same changes in the irradiance as the voltages and current. This figure also defines the converter efficiency. The buck-boost converter efficiency ranges from 95% to 98.1% in this case. The voltages and the currents and; therefore, the power are robust, obtaining the expected values even when the irradiance changes suddenly, proving the robustness of the sliding control under external perturbation signals. Figure 9 presents the output and input power of the DC/DC converter with the same changes in the irradiance as the voltages and current. This figure also defines the converter efficiency. The buckboost converter efficiency ranges from 95% to 98.1% in this case. The voltages and the currents and; therefore, the power are robust, obtaining the expected values even when the irradiance changes suddenly, proving the robustness of the sliding control under external perturbation signals. Results presented in Figures 8 and 9 are also shown in Results presented in Figures 8 and 9 are also shown in Figure 10 presents the control signal obtained using the sliding method. This figure shows the commuted control actions or the discontinuous actions needed to make the system remain in the sliding surface. It shows that the control signal changes its value when there is a change in the irradiance. It also presents the effect of the control non-linearities (the control is discontinuous). Figure 10 presents the control signal obtained using the sliding method. This figure shows the commuted control actions or the discontinuous actions needed to make the system remain in the sliding surface. It shows that the control signal changes its value when there is a change in the irradiance. It also presents the effect of the control non-linearities (the control is discontinuous). 
Experimental Results with the Controller Connected to the PC by Wireless Communication
To do this new test, the experimental platform used was the same as before. The only difference is that, now, the control is applied in a 2 GHz·PC with 4 GB·RAM. It is connected to the dsPIC via communication (IEEE802.11) through the UDP protocol at a nominal rate of 5 ms. This communication protocol is used because it is faster at sending data packets. The SCADA was also designed to implement the sliding controller remotely from the base station. The application receives the packet with the sensors' data from the dsPIC and the controller uses those data to calculate the control signal, which is packaged and sent to the microcontroller to update the PWM that controls the buck-boost converter.
In these new conditions of wireless connection, the sliding control robustness is tested again, using the same set of experiments as in the previous case, with the same sudden changes in the irradiance. Figure 11 presents, as in the previous case, the transient response of the voltages, currents, and powers under sudden changes in the irradiance. Figure 11a presents the reference voltage that has to be reached, the DC/DC converter's input voltage that follows the reference voltage, and the buck-boost converter's output voltage. Figure 11b depicts the inductor's current and the DC/DC converter's input and output currents. 
Experimental Results with the Controller Connected to the PC by a Wire
In these new conditions of wireless connection, the sliding control robustness is tested again, using the same set of experiments as in the previous case, with the same sudden changes in the irradiance. The irradiance is 200 W/m 2 until 1 s, 360 W/m 2 until 9 s, 470 W/m 2 until 18 s, 760 W/m 2 until 24 s, 480 W/m 2 until 33 s, 780 W/m 2 until 36 s, 480 W/m 2 until 42 s, and 780 W/m 2 again until 45 s. Figure 11 presents, as in the previous case, the transient response of the voltages, currents, and powers under sudden changes in the irradiance. Figure 11a presents the reference voltage that has to be reached, the DC/DC converter's input voltage that follows the reference voltage, and the buckboost converter's output voltage. Figure 11b depicts the inductor's current and the DC/DC converter's input and output currents. Then, Figure 12 shows the power at the input and output buck-boost converter, defining the converter efficiency. In this case, the efficiency of the DC/DC converter ranges from 93.2% to 94%. As in the previous case, the voltage, current, and power values increase when the irradiance increase, whereas the values decreases when the irradiance goes down. Table 3 summarizes those results. Then, Figure 12 shows the power at the input and output buck-boost converter, defining the converter efficiency. In this case, the efficiency of the DC/DC converter ranges from 93.2% to 94%. As in the previous case, the voltage, current, and power values increase when the irradiance increase, whereas the values decreases when the irradiance goes down. Table 3 summarizes those results. As expected, the wireless communication makes the signals in Figure 12 have more noise than that obtained in the previous case ( Figure 9 ) due to the wireless communication effect. Indeed, this type of communication implies a variable delay in the signal processing and data transmission. The data are packaged with the sensors information to be sent from the DC/DC converter to the base station, and the packaged data with the control signal information are sent from the base station to the buck-boost converter. However, in spite of the higher delay, the control remains stable and the variables converge to the set points. Thus, the sliding control robustness is verified.
The delay in the data processing and the data transmission packets with the packaged data from the microcontroller to the base station, and vice versa, are depicted in Figure 13 . These measurements were taken when the experiment was conducted. The values were obtained independently from the PC and from the dsPIC, showing a mean value of time of 5.4 ms. Figure 14 presents the control signal. As in Figures 11 and 12 , it is shown that the control changes when the irradiance changes as well, in order to make the system remain in the sliding surface. It also depicts the effect of the discontinuous control non-linearities, but in this case with more noise. Figure 14 presents the control signal. As in Figures 11 and 12 , it is shown that the control changes when the irradiance changes as well, in order to make the system remain in the sliding surface. It also depicts the effect of the discontinuous control non-linearities, but in this case with more noise. Figure 14 presents the control signal. As in Figures 11 and 12 , it is shown that the control changes when the irradiance changes as well, in order to make the system remain in the sliding surface. It also depicts the effect of the discontinuous control non-linearities, but in this case with more noise. In all the figures presented in this subsection, in the wireless network case, the signals present more oscillations and the efficiency of the DC/DC converter is lower (from 98.1% to 94% as maximum efficiency) than that corresponding to the previous case with wire connection. In fact, control algorithms present a delay due to the time necessary to process the signals and make the suitable operations. The delay grows in wireless connection because of the time necessary to transmit the data. The delay is also affected by the distance between the buck-boost converter and the base station and by the interferences created by other systems that use the same frequency. As the delay increased, the system efficiency decreased. Moreover, the variability of the transmission time provokes a higher noise in all the electrical signals in the case of wireless connection. Even so, the controller reaches the desired values and; therefore, it can be used in centralized systems.
Conclusions
In this paper, the sliding mode control was applied to make a set of photovoltaic modules track the maximum power point voltage. The use of this control improved the dynamics of the system and In all the figures presented in this subsection, in the wireless network case, the signals present more oscillations and the efficiency of the DC/DC converter is lower (from 98.1% to 94% as maximum efficiency) than that corresponding to the previous case with wire connection. In fact, control algorithms present a delay due to the time necessary to process the signals and make the suitable operations. The delay grows in wireless connection because of the time necessary to transmit the data. The delay is also affected by the distance between the buck-boost converter and the base station and by the interferences created by other systems that use the same frequency. As the delay increased, the system efficiency decreased. Moreover, the variability of the transmission time provokes a higher noise in all the electrical signals in the case of wireless connection. Even so, the controller reaches the desired values and; therefore, it can be used in centralized systems.
In this paper, the sliding mode control was applied to make a set of photovoltaic modules track the maximum power point voltage. The use of this control improved the dynamics of the system and its response to perturbations in the load or in the irradiance. The control algorithm was implemented in a buck-boost converter, which is able to supply a voltage lower and higher than the input voltage, as required by telecommunications applications, amongst others. To achieve it, a boost converter is not suitable. In addition, the algorithm was experimentally tested in a platform with the controller remotely connected to the photovoltaic systems and the effect of the distance was evaluated. The system proved to be efficient with both wire and wireless communication, and in both cases the dynamic performance was improved. The communications effect provides a higher level of noise although the dynamics remain good. In addition, the buck-boost converter's efficiency decreases from 98.1% to 94% in the case of remote control, but the control remains stable and the voltage reference is reached with an efficiency between 99% to 99.8%, proving the wireless control works in centralized photovoltaic plants and in distributed generation systems. 
